Theoretical study on the electric field effect on magnetism of Pd/Co/Pt
  thin films by Simon, Eszter et al.
Theoretical study on the electric field effect on magnetism of Pd/Co/Pt thin films
Eszter Simon,1, ∗ Alberto Marmodoro,1, 2 Sergiy Mankovsky,1 and Hubert Ebert1
1Department Chemie/Phys. Chemie, Ludwig-Maximilians-Univerita¨t Mu¨nchen,
Butenandtstr. 5-13, D-81377 Mu¨nchen, Germany
2Present address: Institute of Physics, Czech Academy of Sciences,
Cukrovarnicka 10, CZ-162 53 Prague, Czech Republic
(Dated: September 29, 2020)
Based on first principles calculations we investigate the electronic and magnetic properties of Pt
layers in Pd(001)/Co/Pt thin film structures exposed to an external electric field. Due to the Co
underlayer, the surface Pt layers have induced moments that are modified by an external electric
field. The field induced changes can be explained by the modified spin-dependent orbital hybridiza-
tion that varies non-linearly with the field strength. We calculate the x-ray absorption and the x-ray
magnetic circular dichroism spectra for an applied external electric field and examine its impact on
the spectra in the Pt layer around the L2 and L3 edges. We also determine the layer dependent
magneto-crystalline anisotropy and show that the anisotropy can be tuned easily in the different
layers by the external electric field.
I. INTRODUCTION
The control of the magnetization of a system by an ex-
ternal electric field, which is known as magneto-electric
effect, has been widely investigated during the last years
experimentally as well as theoretically, due to its poten-
tial application in spintronics [1–3]. The magneto-electric
effect was investigated in particular for bulk magnetic
compounds with non-collinear magnetic structures [4–6],
magnetic semiconductors [7, 8] and multi-ferroics [9–12].
Within these studies, the modification of the magnetic
properties by an external electric field has been associ-
ated with various electronic mechanisms, such as the shift
of the Fermi level or a change in the charge carrier den-
sity.
Recent studies have reported that an external electric
field may affect the physical properties of layered systems
in a very pronounced way [13, 14]. For example, for thin
films of Pd, it was shown that the electric field induces
a phase transition from the para- to the ferromagnetic
state. This finding could be explained by the Stoner in-
stability caused by the applied electric field that leads to
a change in the occupation of the electronic states and
shifting that way the Fermi level to a position with a
high density of states (DOS). In the case of magnetic
systems, an electric field changes their magnetic prop-
erties first of all due to its influence on the spin polar-
ization of the valence electrons. Such a manipulation of
the magnetic state by the electric field can lead to inter-
esting and important effects concerning possible appli-
cations [15–17]. Performing first principles calculations,
it was demonstrated, that a well defined change in the
magnetic moment can be observed in the case of a ferro-
magnetic free-standing thin Fe, Ni or Co film, for which
the magnetic moments show a linear dependence on the
strength of the external electric field [18]. In this case
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the electron populations in the different spin channels are
varied and thus the balance of majority- and minority-
spin electrons is distorted leading in turn to a change of
the spin magnetic moment in the system. Apart from
the spin magnetic moment many other magnetic proper-
ties may be controlled by an applied electric field as for
example the orbital moment and its anisotropy as well as
the magnetic anisotropy energy [18–20].
In case of the Co/Pt bilayer system it was demon-
strated by means of anomalous Hall effect measurements
that the Curie temperature of the Co layer can be con-
trolled by an electric field [21]. For the Curie temperature
of the bulk 3d transition metal alloys a Slater-Pauling
like behavior was found from first principles calculations
[22]. However, experimental results on thin films showed
that the Curie temperature is increasing with an increas-
ing number of valence electrons and does not follow the
Slater-Pauling like behavior [21]. This finding indicates
that in the case of thin films - when compared to the bulk
situation - other mechanisms can play an important role
for the magnetic properties in the presence of an electric
field.
Paramagnetic metals, such as Pt and Pd, that are
close to the Stoner instability, have substantial induced
moments due to the proximity effect when deposited on
magnetic substrate layers. In the case of Pd deposited
on the Pt/Co bilayer system, it was demonstrated exper-
imentally and theoretically that the induced magnetic
moment of the Pd layer can be controlled by an ap-
plied electric field [14]. The inter-relation between the
influence of an electric field on the magnetic state and
the electronic structure of Pt deposited on a magnetic
substrate was investigated in a recent work by exploit-
ing the component-specific x-ray absorption spectroscopy
(XAS) together with the x-ray magnetic circular dichro-
ism (XMCD) [13].
The XMCD is one of the most powerful probe for in-
vestigating the magnetization of layered systems in an
element resolved way [23]. The XMCD spectra give for
a magnetized sample the difference in absorption for left
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2and right-circularly polarized x-rays. XMCD spectra are
often analyzed on the basis of the XMCD sum rules,
which link the integrals of the XAS and XMCD spectra
to the spin and orbital magnetic moments of the absorb-
ing atom [24–28].
Motivated by a recent experimental XMCD study by
Yamada et al. [13], we investigated the electronic and
magnetic properties of Pt layers in the surface film sys-
tem Pd(001)/Co/Pt in the presence of an external elec-
tric field by means of first principles calculations. This
way, we investigated how the electric field influences the
electronic states, magnetic moments, XMCD spectra of
the Pt layers and the magnetic anisotropy in the case of
the considered systems.
The paper is organized as follows. In Sec. II, the com-
putational methods used are briefly sketched while in
Sec. III the results are presented and discussed. Finally,
in Sec. IV we summarize our results.
II. COMPUTATIONAL DETAILS
All calculations were performed within the framework
of density functional theory, relying on the local spin-
density approximation (LSDA). For the exchange corre-
lation potential the parametrization of Vosko, Wilk and
Nusair was used [29]. The electronic structure is de-
scribed on the basis of the Dirac equation, accounting
for all relativistic effects coherently this way. Electronic
states were represented by means of the correspond-
ing Green function calculated using the spin-polarized
Korringa-Kohn-Rostoker (KKR) Green function formal-
ism as implemented in the SPR-KKR code [30–32]. The
potentials were treated on the level of the atomic sphere
approximation (ASA) and for the self-consistent calcula-
tions an angular momentum cut-off of lmax = 3 was used.
All necessary energy integrations have been done by sam-
pling 32 points on a semicircle contour in the upper com-
plex energy semi-plane. Furthermore, the k-space inte-
gration was done using 750 points in the irreducible part
of two dimensional Brillouin zone.
We investigated the Pd(001)/Con/Ptm thin film sur-
face system, where n and m denote the number of Co and
Pt layers, respectively. The first considered model system
consisted of three Pd layers, n = 2 or 5 Co layers, m = 2
Pt layers and three layers of empty spheres embedded
between a semi-infinite Pd substrate and a semi-infinite
vacuum region. For the second model system the number
of Pt layers was varied with the system consisting of two
Pd, n = 5 Co layers, m = 1, 4 Pt layers and three layers
of empty spheres embedded between the semi-infinite Pd
and vacuum regions. For Pd, Co, Pt and empty layers
ideal epitaxial growth was assumed on a fcc(001) tex-
tured substrate with the experimentally in-plane lattice
constant of Pd, a0 = 3.89 A˚. Structural relaxations were
neglected in all cases.
From the obtained self-consistent potentials the X-ray
absorption coefficients µλ(ω) for the photon energy ~ω
and polarization λ were calculated using the SPR-KKR
Green function method on the basis of Fermi’s Golden
rule [30, 33]. The corresponding XMCD signal,
∆µ(ω) =
1
2
(
µ+(ω)− µ−(ω)
)
, (1)
is defined as the difference in the absorption for left and
right circularly polarized radiation. The broadening of
the experimental spectra was simulated by a Lorentzian
broadening function with a width parameter of 1 eV. In
addition to the XMCD spectra, the magnetic anisotropy
(MAE) was obtained by means of magnetic torque cal-
culations [34, 35].
The effect of a homogeneous external electric field was
modeled by a periodic array of point charges in the vac-
uum region that behave essentially like a charged capac-
itor plate. In the present calculations the array of point
charges or capacitor plate, respectively, was placed in the
last vacuum layer. This set-up leads to a homogeneous
electric field of strength,
E =
Q
a200
, (2)
where Q is the charge of the capacitor in unit of the
electron’s charge, 0 is the permittivity of vacuum and a
2
0
is the area of the unit cell for the Pd(001) plane. Here,
the applied electric field is perpendicular to the surface
and for the positively charged condensed plate it points
from the vacuum towards the surface increasing this way
the spill-out of the electrons from the Pt layers to the
vacuum with increasing electric field strength.
III. RESULTS
A. Variation of the thickness of the Co layer
To investigate the impact of an external electric field
on the electronic structure of the Pd(001)/Con/Ptm sys-
tem, we focus first on Pd(001)/Co2/Pt2, corresponding
essentially to a system composed of 0.5 nm Co and 0.4
nm Pt films, as studied recently in Ref. [13]. These ex-
periments have been accompanied by theoretical work,
however, considering in contrast to the present study a
(111)-oriented surface. From the self-consistent calcula-
tions we obtained the spin magnetic moments of the lay-
ers as a function of the electric field. The spin-magnetic
moments of the Co layers without an external electric
field (E = 0) are mCo1 = 1.92µB and mCo2 = 1.89µB
for Pd(001)/Co2/Pt2, where the indices of the Co layers
start at the Pd/Co interface.
To see an impact of the thickness of the ferromag-
netic film on the spin and orbital polarization of the
Pt film, the calculations have been performed also for
Pd(001)/Co5/Pt2. In this case, the magnetic moments
for four Co layers (for E = 0) are very close to each other,
mCo2 ∼ mCo3 ∼ mCo4 ∼ mCo5 ∼ 1.8µB , while for the
3Co layer at the Pd/Co interface the magnetic moment is
the largest one, mCo1 ∼ 1.9µB . For both systems the
change of the magnetic moment of the Co layers induced
by the electric field is negligible.
In the Pt layers induced spin moments are formed due
to the proximity effect caused by the Co layer with the
value of the induced moment being largest for the Pt layer
at the Pt/Co interface. In the presence of the external
electric field the magnetic moments in the Pt film are
modified. This modification is depending on the thick-
ness of the Co film, as can be seen in Fig. 1 showing
the sum of the spin magnetic moments of the Pt layers,∑
Pt
mPt, as a function of the electric field for both consid-
ered systems. Nevertheless, for both systems the mag-
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FIG. 1. Calculated sum of the spin magnetic moment of the
Pt layers,
∑
Pt
mPt, as a function of the external electric field
E for Pd(001)/Co2/Pt2 (squares) and Pd(001)/Co5/Pt2 (cir-
cles).
netic moment decreases with increasing positive electric
field in spite of the different number of Co layers. More-
over, in contrast to calculations for free standing ferro-
magnetic thin films [18], the Pt spin-magnetic moment
in the present case does not vary linearly with the field
strength.
In order to understand the impact of an external elec-
tric field on the electronic structure of the Pt layer we
calculated the density of states (DOS) for the systems
in the presence of the electric field. Figure 2 shows for
various electric field strengths the spin resolved DOS pro-
jected on to s, p and d states for the topmost Pt layer
in Pd(001)/Co2/Pt2. The applied electric field strengths
have the value ±7 V/nm denoted as +E and −E in the
following. One can see, that the external electric field
slightly modifies the electronic states of the Pt layer. A
positive electric field shifts the s, p as well as d states
of Pt down, while a negative field shifts the states up in
energy. Moreover, one can see that these shifts increase
with the energy of the electronic states as they are more
affected by the electric field due to their weaker localiza-
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FIG. 2. Calculated spin-polarized density of states,
n↑(↓)(ε,±E), projected to s, p and d states for the topmost
Pt layer in Pd(001)/Co2/Pt2 for the selected electric fields
E = ±7 V/nm indicated by ±E.
tion. Due to the difference of the DOS for the two spin
channels, these shifts lead to a change of the magnetic
moments, which depend on the sign of the electric field.
It should be noted that in contrast to the work on a free
standing film in Ref. 13, the Fermi level is fixed in our
case as we deal with a half-infinite substrate. Accord-
ingly, the value of the Fermi energy is that of the Pd
substrate for all applied electric fields. Another effect of
the electric field seen in Fig. 2 is the change of the ampli-
tude of the DOS due to the change of hybridization of the
electronic states of Pt and Co layers, or as it was pointed
out in Ref. 13, the hybridization of the sp-states and the
d-states of Pt. As the hybridization is spin dependent,
this also results in a change of the magnetic moments
induced by the electric field.
As discussed in the literature [13], the above-
mentioned field-induced changes of the electronic struc-
ture and magnetic properties can be probed in a detailed
way using XAS/XMCD spectroscopy. Focusing here on
the magnetic properties of the Pt layers, the absorption
spectra at the Pt L2 and L3 edges have been calculated
both for Pd(001)/Co2/Pt2 and Pd(001)/Co5/Pt2. The
XAS and XMCD spectra without the influence of an ex-
ternal electric field are given in Fig. 3, showing only tiny
differences between the two systems.
The modification of the XAS spectra for these systems
by the electric field ±E, are represented in Fig. 4, show-
ing the field-induced changes, µ(±E)−µ(0), of the total
XAS and of XMCD signals, ∆µ(±E)−∆µ(0) for the Pt
layers in Pd(001)/Co2/Pt2 and Pd(001)/Co2/Pt4. Al-
though only tiny differences are found for both systems,
one can see that the changes are most pronounced at the
L3 edge in both cases. This finding is in line with the
previously reported experimental results [13] and can be
explained as follows. As an electric field will in particu-
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FIG. 3. Calculated layer resolved XAS (top panel), µ
and XMCD (bottom panel), ∆µ spectra at the L2 and L3
edges for the Pt layers in Pd(001)/Co2/Pt2 (solid line) and
Pd(001)/Co5/Pt2 (dashed line).
lar shift electronic states below or above the Fermi level,
pronounced field induced changes have to be expected
first of all at the absorption edges of the spectra. As the
Pt d-states in that energy region have primarily d5/2-
character and as the L3 and L2 spectra are dominated
by their d5/2- and d3/2-contributions, respectively, it fol-
lows that an electric field has a much stronger impact for
the L3 than for the L2 spectrum.
The modifications of XAS and XMCD spectra depend
directly on the direction of the electric field as this de-
termines the direction of the field-induced shift of the
electronic states with respect to the Fermi energy. Due
to the screening of the electric field with increasing dis-
tance from the surface, the field-induced changes of the
XAS and XMCD signals are most pronounced for the
surface Pt layer and decrease towards the interface. This
behavior can be seen clearly in Fig. 4 showing the layer
resolved results for Pd(001)/Co2/Pt2. The same trend is
found also for Pd(001)/Co5/Pt2.
B. Variation of the thickness of the Pt layer
In order to investigate how the electric field effect
changes with an increasing thickness of the Pt film, cal-
culations have been performed for the Pd(001)/Co5/Ptm
system, where the thickness of the capping Pt layer
was varied between m = 1 and m = 4. The top
panel of Fig. 5 shows the calculated spin moments
of the individual layers in Pd(001)/Co5/Pt1 (a) and
Pd(001)/Co5/Pt4 for various electric fields. In the case of
Pd(001)/Co5/Pt1 the Pt spin moment is mPt1 = 0.22µB .
For Pd(001)/Co5/Pt4 the induced moment of the Pt lay-
ers significantly decreases away from the Co interface
while the Pt layer at the Co interface possesses the largest
induced moment with mPt1 = 0.18µB coupled ferromag-
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FIG. 4. Difference of the calculated layer resolved XAS (a)
and XMCD (b) spectra of Pt layers between in absence and
presence of an electric field, µ(±E)− µ(0), ∆µ(±E)−∆µ(0)
around L2 and L3 edges in case of Pd(001)/Co2/Pt2 and
Pd(001)/Co5/Pt2 systems.
netically to that of Co. The spin magnetic moment of
the next Pt layer is mPt2 = 0.06µB and is also ferro-
magnetically aligned to the Co moments. The remaining
very small magnetic moments for the third and fourth Pt
layers are antiferromagnetically oriented with respect to
the Co layers.
The Pt spin-magnetic moment in Pd(001)/Co5/Pt1 in-
creases in case of a positive electric field (+E) while it
decreases for −E with the value 0.23µB and 0.21µB ,
respectively. This dependency on the electric field is
opposite to that of Pd(001)/Con/Pt2 shown in Fig. 1
and can be attributed to the screening of the electric
field that gets more important for an increasing thick-
ness of the Pt film. In particular, one can see rather
strong field-induced changes of the spin magnetic mo-
ments of the interface and next-to-interface Co layers in
Pd(001)/Co5/Pt1. In this case the spin moment of the
Pt layer follows the changes of the spin moment of Co
at the Co/Pt interface. Obviously, the impact of the
electric field on the Co spin moment significantly de-
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FIG. 5. Top panel: Calculated layer resolved magnetic spin
moments of the individual atomic layers in Pd(001)/Co5/Pt1
(a) and Pd(001)/Co5/Pt4 without electric field and in the
presence of a positive and negative electric field. Bottom
panel: Calculated difference for the minority and majority
density of states of the interface Co layer between positive
and negative electric field for different thicknesses of the cap-
ping Pt layer.
creases with increasing of the thickness of the Pt film.
The bottom panel in Fig. 5 shows the difference in the
density of states for majority and minority spins of the
topmost Co layer (Co5) obtained for different electric
fields. These electric fields induced changes in the DOS
are decreasing for the Co layers when the thickness of
Pt film increases. This screening effect is also seen in
the bottom panel of Fig. 6 which represents the field in-
duced DOS and the spin density changes in the differ-
ent Pt layers of Pd(001)/Co5/Pt4. One can see that the
most pronounced DOS changes due to an applied elec-
tric field occur in the surface Pt layer, while the DOS
modification in the deeper Pt layer and at the Pt/Co
interface is rather weak (see top panel of Fig. 6). De-
spite this trend, the bottom panel of Fig. 6 shows that
the field induced changes of the spin polarization (i.e.
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FIG. 6. Top panel: Electric-field-induced change of the den-
sity of states in the different Pt layers in Pd(001)/Co5/Pt4.
Bottom panel: Electric-field-induced change of the difference
mspin = n
↑(ε)− n↓(ε) of majority- and minority DOS.
mspin(ε) = n
↑(ε) − n↓(ε) have the same order of mag-
nitude for all Pt layers. This can be attributed to the
strongest field effect for the surface Pt layer on the one
hand side and the strongest proximity induced spin mo-
ment at the interface on other hand side.
Thus, one can conclude that depending on the thick-
ness of the Pt layer, the field dependent changes of the in-
duced spin moment can be dominated by different mech-
anisms associated either with field induced changes of
the electronic structure and magnetic moments in the
ferromagnetic sub-surface or in the non-magnetic surface
parts of the system.
Next, we discuss the influence of the electric field on
the XAS and XMCD spectra at the L2- and L3-edges of
Pt in Pd(001)/Co5/Ptn with n = 1 and 4 and its de-
pendence on the thickness n of the Pt film. First, we
consider in Fig. 7 (top panel) the layer resolved XAS
spectra calculated without including an external electric
field. One can see a weak dependence of the XAS spec-
tra on the position of Pt layer in the Pd(001)/Co5/Pt4
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FIG. 7. Calculated layer resolved XAS (top panel) µ and
XMCD (bottom panel) ∆µ spectra at the L2- and L3-edges for
the Pt layers in Pd(001)/Co5/Pt1 (left) and Pd(001)/Co5/Pt4
(right).
system. However, the XMCD spectra shown in Fig. 7
(bottom panel), exhibit a rather pronounced decrease,
when going from the interface (Pt1) to the surface (Pt4)
layer. Note that the XMCD signal of the surface Pt layer
even changes sign in line with the sign change for the in-
duced spin moment in this layer (see discussion above).
The strongest XMCD signal occurs for the interface Pt
layer reflecting the largest induced spin moment due to
proximity to the ferromagnetically ordered Co layers.
The changes of the XAS and XMCD spectra of Pt in
Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4 that are caused
by the applied electric field are presented in Figs. 8, (a)
and (b), respectively. Similar to the systems with 2 ML
of Pt, one finds that the change of the spectra reverses
its sign if the orientation of the electric field is reversed.
In addition, one can see the asymmetry of these modifi-
cations with respect to a change in the orientation of the
electric field. The most pronounced changes occur for
the Pt L3 edge signal, similar to the results obtained for
Pd(001)/Co2/Pt2. The intensities of the layer-resolved
changes of the XAS spectra for Pt in Pd(001)/Co5/Pt4
gradually decrease when going from the Pt surface to
the interface layer. As discussed above, this can be at-
tributed to the screening of the electric field in the sur-
face region. However, the XMCD spectra change non-
monotonously towards the interface layer as a conse-
quence of a competition of the decreasing electric field
strength and the increasing impact of the neighboring
Co layers controlling the Pt spin magnetic moment via
the proximity effect.
In addition to the impact of an electric field on the
XMCD spectra, its influence on the layer resolved MAE
was investigated. Figure 9 shows the layer resolved MAE
of Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4, respectively,
for no electric field present as well as for an applied elec-
tric field with positive and negative sign, respectively.
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FIG. 8. Electric field induced change in the XAS (a)
and XMCD (b) spectra at the L2 and L3 edges for Pt in
Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4.
The definition for the MAE used implies an out-of-plane
and in-plane anisotropy for a positive or negative, respec-
tively, sign of the MAE.
In an earlier study [19] it was already found that an
electric field may strongly affect the magneto-crystalline
anisotropy of free-standing transition metal mono lay-
ers, as a result of the distortion of the electronic struc-
ture by the applied electric field. The authors point
out that in these systems the electric field breaks the
z-reflection symmetry, lifting that way a degeneration
in the cross-points of the energy bands via the field-
induced hybridization between the d and p orbitals that
contribute to these states.
As Fig. 9 illustrates, an electric field also strongly
modifies the MAE for the systems considered here de-
spite the lack of z-reflection symmetry for the field-
free case. As a reference, the figure also shows the to-
tal and layer resolved MAE for Pd(001)/Co5/Pt1 and
Pd(001)/Co5/Pt4 for zero-field conditions. As one can
see, Pd(001)/Co5/Pt1 has a total MAE corresponding
to an in-plane anisotropy with dominating contributions
from the Co layers in the middle of the Co film, while
the positive contribution from the interface Co/Pt layer
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FIG. 9. Calculated layer-resolved magnetic anisotropy
energy (MAE) of Pd(001)/Co5/Pt1 (top panel) and
Pd(001)/Co5/Pt4 (bottom panel) for no electric field present
as well as for an applied electric field with positive and neg-
ative sign, respectively. The results have been obtained from
fully relativistic calculations (SOC 6= 0) and calculations with
the strength of the spin-orbit coupling in the Pt layers set to
zero (SOC = 0).
is rather small. Pd(001)/Co5/Pt4, on the other hand,
has out-of-plane anisotropy with its MAE dominated by
the contribution from the Co layer at the Co/Pt inter-
face. It should be noted that a strong dependence of
the MAE on the thickness of the over layer was dis-
cussed already previously for several systems [36, 37].
Figures 10 and 11 illustrate the contributions to the
MAE from the interface Co and Pt layers, represented
as a function of the occupation of valence band realized
by artificially varying the Fermi energy. These rela-
tions have a non-monotonous behavior with extreme val-
ues always occurring when the Fermi energy is passing
through a SOC-induced avoided crossing of the energy
bands. One can see that for both systems, the amplitude
of the contribution to the MCA associated with the Co
interface layer is much larger than that for the Pt in-
terface layer. However, accidentally, these values can be
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FIG. 10. Top panel: Contribution to the magnetic anisotropy
energy from the Co5 and Pt layers (without SOC scaling and
with SOC = 0 in the Pt layers), represented as a function
of occupation of energy bands in case of Pd(001)/Co5/Pt1
system. Bottom panel: Field-induced changes of the contri-
bution to the magnetic anisotropy energy from the Co5 layer,
MAE(±E)- MAE(0).
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FIG. 11. Top panel: Contribution to the magnetic anisotropy
energy from the Co5 and Pt layers (without SOC scaling and
with SOC = 0 in the Pt layers), represented as a function
of occupation of energy bands in case of Pd(001)/Co5/Pt4
system. Bottom panel: Field-induced changes of the contri-
bution to the magnetic anisotropy energy from the Co5 layer,
MAE(±E)- MAE(0).
close to each other at a certain occupation, as it is the
case for Pd(001)/Co5/Pt1 at the proper Fermi energy. It
should be noted that the MAE of materials composed of
magnetic- and heavy-element components is determined
essentially by the spin-dependent hybridization of their
electron orbitals as well as by the SOC of the heavy ele-
ment (see for example Ref. 38–40). As the Pd(001)/Co5
8substrate is common to both systems considered, the dif-
ference in the MAE has to be attributed to the details of
the electronic structure of these systems associated with
a different thickness of the Pt surface film. As a result,
switching the SOC on the Pt atoms artificially off leads
for the Pt film to a strong weakening of the dependence
of its electronic structure on the magnetization direction
and in turn of the MAE. This is seen in Figs. 10 and 11
indicating that the contribution of the Co interface layer
to MAE drops down by about one order of magnitude
when the SOC is switched off for Pt. For this situation,
the layer resolved MAE for both systems is rather similar
(see Fig. 9). The difference between the results for the
two systems can be attributed to some extent to a dif-
ferent hybridization of the Co and Pt related electronic
states, which is obviously dependent on the thickness of
the Pt film. Based on these results, one can expect that
the field induced changes to the MAE should be associ-
ated first of all to the influence of the electric field on the
Pt related electronic states.
Analysing the field-induced changes of the total
and layer resolved MAE of Pd(001)/Co5/Pt1 and
Pd(001)/Co5/Pt4, the most pronounced changes are
found at the interface, although the changes for the other
layers are not negligible. Despite the pronounced screen-
ing effect in case of Pd(001)/Co5/Pt4 with 4 MLs of Pt,
the field-induced change of the Co interface contribution
to the MAE is significant, indicating a key role of the
electronic structure changes occurring in the Pt film due
to the electric field. The field induced changes of the
MAE in the systems with 1 and 4 Pt monolayers are as-
sociated primarily with the Co/Pt interface contribution.
Corresponding results for the interface layers are plotted
in Figs. 10 and 11, respectively, as a function of the oc-
cupation. From these figures one can see that for most of
the occupation numbers the MAE changes have opposite
sign for the opposite orientation when the electric field is
reversed. The origin of these changes of the MAE can be
attributed first of all to the modification of the electronic
structure of the Pt film, i.e. the electric field controlled
hybridization of the d and p orbitals, as discussed in Ref.
19.
IV. CONCLUSIONS
In conclusion, in this work we examined the influence
of an electric field effect on the magnetic properties in
the Pt layer of Pd(001)/Con/Ptm thin film structures
by performing first-principles calculations. For this pur-
pose, a homogeneous external electric field was modeled
by a charged plate in front of the surface. From the self-
consistent calculations, we determined the spin magnetic
moment and XMCD spectra in the presence of an elec-
tric field. We found that in case of Pd(001)/Co2/Pt2
and Pd(001)/Co5/Pt2 that the spin-magnetic moments
are varying independently from the number of Co layers
roughly quadratically as a function of the electric field
strength. An inspection of the angular momentum re-
solved DOS reveals that the electric field slightly shifts
the s and p states around the Fermi level. From the calcu-
lated XMCD spectra, it was found that the electric field
has its major impact for the L3 edge spectra. We also
investigated dependency of the electric field effect on the
thicknesses of the Pt layer. In case of Pd(001)/Co5/Pt1
as well as Pd(001)/Co5/Pt4, the electric field induced
change of the XMCD spectra is most significant for the
L3 edge, independent on the thickness of the Pt cap-
ping layer. In addition, the layer dependent MAE and
its dependency on an electric field was examined. It was
found that the electric field strongly modifies the MAE.
It turned out in particular that this change is still con-
siderable for deeper lying layers.
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